RM, 0000-0001-9955-764X G. L. Stebbins' most effective pollinator principle states that when pollinators are not limiting, plants are expected to specialize and adapt to the most abundant and effective pollinator species available. In this study, we quantify the effectiveness of bees, hummingbirds and hawkmoths in a Chilean population of Erythranthe lutea (Phrymaceae), and examine whether flower traits are subject to pollinator-mediated selection by the most effective pollinator species during two consecutive years. Unlike most species in the pollinator community, the visitation rate of the recently arrived Bombus terrestris did not change substantially between years, which together with its high and stable pollen delivery to flower stigmas made this species the most important in the pollinator assemblage, followed by the solitary bee Centris nigerrima. Flower traits were under significant selection in the direction expected for short-tongue bees, suggesting that E. lutea is in the initial steps of adaptation to the highly effective exotic bumblebee. Our results illustrate the applicability of Stebbins' principle for new invasive pollinators, and stress their importance in driving flower adaptation of native plant species, a critical issue in the face of biotic exchange and homogenization.
Introduction
From the early outstanding predictions including the hawkmoth with the extraordinary tongue capable of sipping nectar from the 30 cm long Malagasy star orchid tube [1] , the metrical match between flower traits and suitable body parts of pollinator species has been considered as one of the most remarkable examples of fine-tuned adaptations moulded by natural selection (e.g. [2] [3] [4] ). This high level of specialization is expected to evolve in plants subject to selection by abundant and effective pollinators, that is, by those pollinator species that contribute most to the mean plant population fitness. This hypothesis, known as the 'most effective pollinator principle' after Stebbins [5] , highlights the two key components of pollinator activity that determine high levels of flower adaptation to pollinators-the frequency and effectiveness of flower visits. When these criteria are not satisfied, plants are expected to evolve generalist strategies, and lack of specialization to the most effective pollinator is expected. Most studies have hitherto examined plant adaptation and specialization in native pollination systems, where pollinators and plants have a long history of interaction [6] [7] [8] [9] . However, the arrival and establishment of exotic pollinator species in local ecosystems may quickly shift plant traits toward new optimal states, provided exotics become more abundant and effective than native pollinators.
In this study, we examine Stebbins' principle in an Andean plant-pollinator community, where bees, hummingbirds and hawkmoths converge in the use of the Andean monkeyflower, Erythranthe lutea (Phrymaceae). In doing so, we recorded their visitation rate and the number of pollen grains deposited on virgin stigmas to estimate their effectiveness. As floral traits involved in the attraction and mechanical fit with effective pollinators are expected to be under pollinator-mediated selection, we estimated selection coefficients on flower tube & 2018 The Author(s) Published by the Royal Society. All rights reserved. length and corolla size, two floral traits often under pollinatormediated selection [8] [9] [10] .
Material and methods (a) Natural history and study site
This study was performed in Juncal (32851 0 S, 70808 0 W, 2398 m elevation, Chile), during two consecutive summer seasons (2016 and 2017). Erythranthe lutea is a perennial self-compatible herb inhabiting streams and wetlands from sea level to 3650 m between 298 and 458 S. Even though E. lutea is self-compatible, pollen vectors are needed to ensure successful fertilization [10] .
(b) Pollinator assemblages, pollen limitation and pollen deposition effectiveness
We recorded the mean visitation rate (V R ) per pollinator species in both years. . To maximize the number of virgin stigmas, all the flowers in anthesis were removed from the patch the night before measurements, leaving only flower buds to the next morning. In consequence, we observed first-day opened flowers and the fraction of receptive flowers at the time of observation (r) was always 1 [11] . For the purposes of this study, the index D t is appropriate as it encapsulates in one single measure the two most important factors involved in Stebbins' principle, the frequency of visits and pollinator effectiveness.
The most effective pollinator principle states that flower evolution towards the most efficient pollinator may occur when pollen is not limited in the environment. We evaluated this criterion by estimating the pollen limitation index (L): L ¼ 1 2 (C/S), where C and S are the number of seeds produced by naturally pollinated flowers, and by flowers manually supplemented with an excess of pollen, respectively. Values near to zero indicate absence of pollen limitation in the environment. Detailed information on procedures can be found in the electronic supplementary material.
(c) Phenotypic selection
We estimated the selection coefficients of putatively functional flower traits by randomly choosing 100 plants per year and recording the mean tube length (mm) and mean corolla size (mm 2 ) from three flowers per plant (electronic supplementary material, figure S1 ). At the same time when flower traits were measured, we collected three capsules from the same plant and their seed number was recorded in the laboratory to have a fitness estimate through the female sex function. The strength of pollinator-mediated selection acting upon floral traits was estimated from linear selection gradients using the multiple regression approach of Lande & Arnold [12] (see electronic supplementary material for more information).
Results (a) Pollinator assemblages and visitation rate
The composition of pollinator assemblages was relatively similar between years (62.5% similarity). However, when visitation rate was included in the analysis, similarity decreased to 25%, CI: 2 -52% (see electronic supplementary material). This decrease was determined to a large extent by the change in visitation rate of the solitary bee Centris nigerrima, the hummingbird Oreotrochilus leucopleurus and the hawkmoth Hyles annei ( figure 1 and table 1) . Besides native pollinators, the exotic bumblebee Bombus terrestris has been present in the site at least since 2009, showing an increasing abundance over the years (figure 2a), as is usually observed for invasive species in the first stages of the establishment process [14, 15] rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180132 rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180132 limiting in the study site, which satisfies an important criterion of Stebbins' principle. The number of pollen grains delivered onto stigmas per pollinator species (D v ) and the resulting pollen deposition effectiveness (D t ) are reported in table 1. In 2016, the species with the highest D t values were the solitary bee C. nigerrima and the exotic B. terrestris. In 2017, the most effective pollinators were the hummingbird O. leucopleurus and B. terrestris. Regarding mean effectiveness during the two years, B. terrestris was the most effective one, followed by C. nigerrima and O. leucopleurus. Likewise, the invasive bumblebee was the less variable between years (56%), followed by C. nigerrima (914%) and O. leucopleurus (19 360%), indicating that B. terrestris had not only the highest mean effectiveness but also the most stable one.
The two flower traits of E. lutea here examined were more variable between than within plants (electronic supplementary material, table S2 
Discussion
Our aim was to examine the extent to which flower traits of E. lutea were under selection by the most efficient pollinator species as predicted by Stebbins' principle. Combining correlational and experimental approaches, we showed that the bee C. nigerrima, the hawkmoth H. annei and the hummingbird O. leucopleurus provided variable pollination service to E. lutea, in part because of their intermittent visitation rate to flowers and low effectiveness in pollen deposition. In spite of being established only in the last few years in the study site, B. terrestris was the most important pollinator for E. lutea. This observation is consistent with the selection to reduce flower tube length in the plant population. While flowers of E. lutea have a tube length of 35.8 mm on the average (N ¼ 100 flowers), the shorter tongue length of B. terrestris (mean ¼ 6.3 mm, range = 5.6-7.0 mm) relative to the second most important pollinator, the solitary bee C. nigerrima (mean ¼ 9.0 mm, range ¼ 8.2-9.8 mm), may favour short-tubed flowers as expected for bee-pollinated species [7, 16] . Likewise, large corollas had a reproductive advantage over small-sized corollas. Previous evidence in this system indicates that bees visit corollas 1.25-fold larger than the hummingbird [10] , which is consistent with the idea that E. lutea is in the process of adapting its flower phenotype to the effective bee pollinators. The question whether variation in the pollinator community across years reinforces the importance of B. terrestris in moulding the floral phenotype of E. lutea stresses the need for long-term studies of phenotypic selection in this system.
One important assumption of Stebbins' principle is that pollinator effectiveness is tightly coupled to the strength of pollinator-mediated selection. This assumption has been critically examined in optimality models that restrict the generality of Stebbins' model to cases where the marginal fitness gain of specialization exceeds the marginal fitness loss of adapting to the many less efficient pollinators [17] . The relatively depauperate Chilean pollinator assemblages (4.25 pollinators per plant species on the average, [18] ) offer little gain from evolving generalized flower phenotypes, and, therefore, high marginal fitness loss can be expected relative to specialization on the most effective pollinator.
Although the arrival and establishment of exotic pollinators in new environments is often associated with ecological risks and unknown detrimental consequences for local communities [19] , to our knowledge their importance in driving flower adaptation of native plants has been poorly addressed in the literature [20] . This is unfortunate, as we are just beginning to understand the ecological and evolutionary consequences of invasive species in the face of biotic exchange and homogenization [14, 21] . It is likely that plant phenotypic and genetic adjustments caused by recently arrived pollinators are more common than previously thought. For instance, it is now well established that evolution can occur rapidly in response to invasive species [22] [23] [24] , which implies that native plant responses to highly effective exotic pollinators may occur on a time scale of a few years after their arrival and establishment in new habitats. All these facts together indicate that invasive species may, under some circumstances, become quickly the most important ones in local communities, influencing not only ecological but also evolutionary processes. Results from this study suggest that novel functional roles adopted by invasive pollinators in new habitats may be more complex than previously thought, and need to be addressed before implementation of conservation programmes.
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